This paper expounds on the optimization of magnetooptic devices using preferential domains that switch at low field strengths. In particular, an all-optical switch for transparent networks based on the Mach-Zehnder interferometer configuration is examined in detail. The switch utilizes bismuth-substituted iron garnets with a specific composition of (Bi 1.1 Tb 1.9 )(Fe 4.25 Ga 0.75 )O 12 as Faraday rotators. It is proposed that switch figures of merit can be improved by preferentially choosing domains which align with applied fields at field strengths much lower than required by the bulk material. Measurement of magnetic domain orientation in the material and Faraday rotation within domains is reported. The domain behavior in low magnetic fields is also investigated to achieve a switch with lower switching times and higher extinction ratios.
Introduction
Faraday experimentally observed a rotation of the plane of polarization when light was transmitted through glass in a direction parallel to that of an applied magnetic field in 1845 [1] . This constituted the first demonstration magnetooptics followed by the observation of a broadening of the spectral lines emitted by a sodium flame when it was placed between the poles of an electromagnet by Zeeman in 1896 [2] . Since these pioneering discoveries, magnetooptics has become a captivating field of research, finding a great many scientific and practical applications [3] [4] [5] [6] .
In optical networking, magnetooptic (MO) devices are a potential enabler of better scaling, transparent networks that are bit-rate, protocol, and format insensitive. Transparency is critical given the networking paradigm shift from connection-oriented communication to high bandwidth IP-centric packet switched data traffic driven by the influx of high bandwidth applications [7] (Figure 1 ). This is made more urgent by the large and growing optical-electronic bandwidth mismatch [8] and the fact that devices are fast approaching the quantum limit [9] .
Among the contending implementation technologies for all-optical switches, MO devices promise to offer lower insertion losses and faster switching times with the recent advances in suitable candidate materials [10] [11] [12] .
In this paper we examine how MO switching technologies can be improved through material investigation of the Faraday rotator. The MO properties of bismuth-substituted iron garnets (BIGs) are investigated at the domain level. In particular, we consider how the domain properties of the material can be used to increase switching speed and extinction ratio. There are a number of other existing applications that rely on the domain wall motion in MO materials for their operation [13, 14] . It is proposed that domains which show favorable characteristics can be preferentially used in order to achieve switching or operation of other applications at much lower field strengths than previously reported.
Switch Design
The switch to be optimized is based on a Mach-Zehnder interferometer configuration as illustrated in Figure 2 . An MO Faraday rotator (MOFR) is inserted in each interferometer leg to equalize their amplitudes to a first order as well as to affect a given amount of phase mismatch when the MOFRs are magnetically biased. At the switch input, a linearly polarized beam (E in ) is split with a 50/50 coupler. This produces two beams of equal amplitude with a 90
• phase difference (E in1 and E in2 ), both of which can be decomposed into left-and right-circularly polarized components for propagation through the MOFR. This can be expressed by using the conversion operator:
Each component represents a different propagation eigenmode within the MOFR, with different effective refractive indices and propagation velocities within the material. This is captured by the propagation operator:
where θ F is the Faraday rotation angle and the common phase ϕ is defined as: The difference in propagation velocities is manifested as a rotation of the state of polarization (SOP) when the components recombine upon exiting the MOFR and can be expressed using standard Jones calculus [15] as:
When biased with a field H bias , the SOP of the beams from the first coupler (E in1 or E in2 ) are rotated by θ F1 and θ F2 , respectively,
In the MOFR's linear region of operation, θ F is described by θ sat (H bias /H sat ), where θ sat is the rotation at the MO material saturation magnetic field. This relationship is valid when the beam passes through a sufficient number of domains and the applied field is below the saturation field. Selecting an appropriate field value (H switch ) to give a total phase mismatch of 180
• between the two interferometer arms (θ F1 = 90
• , θ F2 = −90 • ) results in complete destructive interference at the switch output. Thus, the switch ON (H bias = 0) and OFF (H bias = H switch ) states are achieved. Extinction ratios of 8.5 dB for SMF-28 fiber ( Figure 3 The difference in extinction ratios can be attributed to the relationship between the beam and domain sizes. In the case of the switch realized with SMF-28 fiber, the action of the individual domains becomes the major contributing factor to the amount of Faraday rotation and thus the switch extinction ratio as well as the bias field magnitude required to achieve it.
The field generating coil is a multilayer solenoid with a quiescent current of 5 A and measured inductance of 1.2 mH. It is driven by four MC33886 H-bridges in parallel to provide a maximum bidirectional current drive of 20 A that can be pulse-width modulated up to 10 kHz.
The time constant associated with the coil overshadows the delay associated with the MOFR domain dynamics, since in principle, the velocity of the domain walls has been measured to be on the order of 10 km/s [16] . More fundamentally, significant improvements in switching time can be achieved by reducing H switch .
Material Considerations
BIGs provide a large amount of Faraday rotation per unit of material length and low absorption at optical frequencies, making them an attractive choice for use in optical devices. The BIG samples which are used as the MOFRs are 330 μm thick with a refractive index of 2.344 at 1550 nm and H sat of 27.9 kA/m. The bulk material rotates the SOP 45
• at 1550 nm with the saturation field applied.
The relationship θ F = θ sat (H bias /H sat ) is only valid when the diameter of the incident beam on the surface of the MOFR is sufficiently wide to sample a large number of domains. The BIG samples utilized have domain sizes of 20 μm ( Figure 5 ). The MM fibers used to realize the switch have a core diameter of 62.5 μm, sufficient to sample many domains and the MM switch therefore generally obeys the aforementioned relationship. However, when the beam size is on the scale of the domain size, local characteristics of the individual domains become the major contributing factor in the rotation of the SOP. It should be noted that these single-domain contributions are present even in the absence of an external field. This means there will be a rotation of the SOP of an incident beam even when an external field is not applied if the beam is predominantly confined to a single domain. The SMF-28 fibers used in the SM switch have a core diameter of 9 μm. Thus, the beam incident on the MOFR only samples a small number of domains or even a single domain and the SM switch experiences this effect. This phenomenon is subsequently utilized to locate the domains.
In this basic switch setup, the position of the MO is not chosen so that the beam exiting the fiber is aligned to preferential domains within the sample. Instead, the bulk Faraday rotation depends on for the rotation of the SOP. In an external field, the two main mechanisms for switching the magnetic domains are the rotation of individual magnetic moments and motion of domain walls [17] . In the presence of low fields, favorably aligned domain will begin to grow via domain wall motion, and at moderate field strengths, domains will rotate to their easy axes, according to the crystallographic structure, which most closely corresponds to the direction of the applied field [18] . Finally at high field strengths, the domains will align with the direction of the applied field.
This domain motion corresponds to the amount of rotation experienced by the beam. Faraday rotation increases as the magnetic moments of more domains grow and rotate toward the direction of the applied field. Some individual domains align with an applied magnetic field at much lower field strengths than the bulk material. Therefore, the speed of the switch at the material level is limited by how quickly the magnetic domains can grow and begin to align with an applied magnetic field.
Being a thick ferrimagnetic material, the domains of the MOFR used are aligned such that the magnetic moment of neighboring domains are antiparallel to each other [19] and perpendicular to the face of the MOFR (out of plane magnetization). The field is therefore applied perpendicular to the face of the material. By locating domains that switch with very low applied fields and confining the beam predominantly within one of these domains, switching can be accomplished at much lower fields. Generating a magnetic field of smaller magnitude will also have a smaller time constant associated with the inductance required to switch the field, so switching can be achieved more rapidly at the circuit level.
Empirical Results
In order to determine the size of the beam incident on the MOFR sample for a SMF-28 fiber, the lateral offset method was used with the setup as illustrated in Figure 6 .
In this method, two SM fibers, a receiving and transmitting fiber, were aligned and the distance between them was minimized. The transmitting fiber was connected to a 1550 nm laser source. Both the transmitting and receiving fibers were coiled for a length to create a mode stripper that removed higher order modes in the fibers. With the transmitting fiber held stationary, the receiving fiber was moved from left to right across the face of the transmitting fiber using a motorized stage. The receiving fiber was connected to an optical power meter and the power received was recorded as a function of position. Due to the incident and receiving pattern, for two near identical well-cleaved fibers, the resulting measured power is the convolution of two Gaussians. Due to reciprocity, these Gaussians can be represented as near identical and therefore the halfpower beam width (HPBW) of the incident beam can be determined. With a separation of 1 mm, the HPBW was measured to be approximately 16 μm. By using magnetic force microscopy, the width of the domains was determined to be approximately 20 μm (see Figure 5 ). Therefore, in order to confine the beam, in terms of its HPBW to a domain, the separation between the face of the fiber and MOFR sample should be kept less than 1 mm.
When the beam width incident on the MOFR is smaller than the domain dimensions, a linear source and polarizer can be used to locate domains in the material and the alignment of the magnetic moments of the domains can be determined. To do this, a MOFR was placed between the transmitting fiber, which was connected to an Agilent 81640 A 1550 nm linearly polarized laser source, and the receiving fiber, which was connected to an Agilent 8169 A polarization controller and in turn an Agilent 81635 optical power sensor. The MOFR was placed on a motorized stage and moved between the two fibers.
When the polarizer is set perpendicular to the axis of polarization of the incident beam the power received will be minimized through areas where the SOP undergoes no rotation (domain walls) and can be differentiated from areas where the beam undergoes rotation (domains). This is shown in Figure 7 . The orientation of the domains can be determined by setting the polarizer perpendicular to the polarization axis of a beam after it has passed through an aligned domain as shown in Figure 8 .
The Faraday rotation can also be measured within the domains. By aligning the fiber within a single domain and measuring the change of the polarization of the incident beam, the average magnitude of Faraday rotation in a domain in the absence of an external magnetic field was measured to be approximately 32
• with a standard deviation of 17
• . In a small number of domains, Faraday rotation of 60
• or great was measured. A coil was placed around the MOFR sample in order to generate a magnetic field through the material as shown in Figure 9 . In low magnetic fields (<2.39 kA/m), there was no experimentally significant change in the Faraday rotation in most domains. However, in a very small number of domains, the magnetic moment of the domain switched and domain wall movement was measured. The magnetic moment of theses individual domain rotated with the applied field as low as 1.59 kA/m, were under the saturation field of 27.85 kA/m. This supports the theory that the magnetic moments of some domains will change at lower field strengths than the bulk material.
Concluding Remarks
A method of optimizing MO devices in general (and a Mach-Zehnder-interferometer-based MO switch in specific) has been described in detail. The domain behavior of the MOFR used in the switch was investigated and reported. Domains within a MOFR sample were differentiated and the orientation of their magnetic moments was identified. The Faraday rotation in the absence of a magnetic field was also measured and the behavior of the domains in low fields (<2.39 kA/m) was also examined. The alignment of a domain with an external magnetic field was achieved at low field strength for a small number of domains in the sample and enables faster switching speeds with lower power usage.
